Synthesizing polyol-based ester from biomass feedstocks for the preparation of biolubricant overcomes the dependence on petroleum oil usage. Albeit biomass-derived bio-oil is an alternative for the production of polyol ester, upgrading is essential prior to use as biolubricant. Levulinic acid (LA), obtained from bio-oil was applied for the catalytic esterification with two polyols, e.g., trimethylolpropane (TMP) and pentaerythritol (PE), in the presence of mixedligand Ni(II), Co(II), and Fe (II) complexes as catalyst. New mixed-ligand coordination complexes with empirical formula; [Ni(Phe)(Bpy)Cl].H2O, [Co(Phe)(Bpy)Cl].H2O, and [Fe(Phe)(Tyr)Cl].H2O were synthesized by the reaction of ligands [L-phenylalanine (Phe), 4,4'-bipyridine (Bpy), and L-tyrosine (Tyr)] with metal chloride salts and characterized by elemental analysis, magnetic susceptibility, FTIR, TGA/DTA, powder-XRD, and SEM techniques.
Introduction
Cheapest and efficient biomass conversion processes have recently been widely explored to overcome the global energy crisis [1] [2] [3] . Usage of biomass as a renewable resource to produce biolubricants and fine chemicals are the most important alternatives for current mineral oil-based technologies. Biomass (i.e., wood, corn, straw, soybean, grass, and algae), through pyrolysis or hydrotreating proceses, produces various organic compounds, including biochar and bio-oil [4, 5] . The bio-oil contains approximately 400 organic compounds, including carboxylic acids, e.g., acetic, propionic, and levulinic acid [6, 7] . Levulinic acid (LA), having five carbon atoms with a carboxyl and ketone functional group, can also be derived from glucose, fructose, starch, and lignocellulosic residues [8, 9] . This acid has been recognized by the U.S. Department of Energy as a top platform for chemicals, and is regarded as one of the 12 most attractive chemicals derived from wood-based feedstocks [10] [11] [12] . Levulinic acid can easily react with polyols, e.g., neopentyl glycol (NPG), trimethylolpropane (TMP), and pentaerythritol (PE), in the presence of acid catalysts via esterification reaction to give levulinate polyol esters [13] . These polyol ester base oils are used for lubricant formulation, plasticizers, fragrant chemicals, green solvents [14] [15] [16] , and perfumery. In this study, TMP and PE levulinate esters are synthesized, for they are expected to have analogous lubricant properties to other polyol esters, having the same viscosity index, pour point, flash point, and biodegradability. Thus, there may be broader application sights for levulinic acid to produce biolubricants [16, 17] compared to vegetable oils in economic perspectives.
Novel inorganic-organic hybrid complexes resulted as active areas of material science and chemical research, due to their ability to act as a catalyst or catalyst precursors. The thermal stability and tenability of metal-organic coordination complexes make them truly suitable for a wide range of catalytic and stoichiometric transformations. These comprise many reactions, including bond activation [18, 19] , carbon-carbon bond formation [20, 21] , polymerization [22] , production of ammonia from nitrogen and hydrogen [23] , organic synthesis [24, 25] , and supramolecular chemistry [26] . The donor atoms of employed mixed ligands for complex formation are depicted below (violet color): 
4,4'-bipyridine
Reduction plays an important role in various organic transformations. The reduction of esters to corresponding hydrocarbon based-esters is one of the most promising reactions in organic chemistry, and is, therefore, applied to a large number of chemical processes. Generally, there are two main ways to attain such a reduction [27] process by hydrogenation. Firstly, by using metal hydride salts (e.g., LiAlH4 and NaBH4), and the other is by using molecular hydrogen (H2) in the reaction system. Lithium aluminum hydride (LiAlH4) is a powerful reducing agent, thus its high reactivity has a disadvantage in most of the organic synthesis that cannot be used for selective reduction. By contrast, NaBH4 is a less powerful reducing agent that is comparatively safe for the hydrogenation [28] [29] [30] [31] [32] , even though it can be used in its solid form. Sodium borohydride is a commonly used reagent primarily for the selective reduction of carbonyl compounds [33, 34] , p-nitrophenol to p-aminophenol [35] , while being combined with metal salts and various solvents which provide an excellent variety of reducing systems. Unlike LiAlH4, it can be used even in the aqueous or alcoholic solutions, and are safe, inexpensive, and environmentally friendly.
Recently, instead of using free hydrogen gas (i.e., traditional hydrogenation), the sources of hydrogen such as ammonia borane [36] , dimethyl ammonia borane [37] , liquid methanol [38] , formic acid [39] , and sodium borohydride [40] [41] [42] have been given preference. Of them, NaBH4 is quite stable, cheaper, eco-friendly, and water soluble that can be used under mild reaction conditions. However, it produces hydrogen gas in the presence of catalyst-water system as follows [43, 44] :
Herein, we report the synthesis of LA + TMP and LA + PE reduced esters by applying NaBH4 in the presence of nickel(II), cobalt(II), and iron(II) complexes as catalyst under mild reaction conditions. The ester product and reduced ester products are finally characterized by GC-MS and FT-IR analysis.
Experimental

Materials
All the chemicals and solvents were of analytical grade and used without further purification. Lphenylalanine and L-tyrosine were obtained from Sigma-Aldrich (USA), while 4,4'-bipyridine was purchased from Merck (India). The metal salt Ni(II), Co(II), and Fe(II) chlorides were received from Fluka Chemica (Switzerland). For catalytic reactions levulinic acid and polyols e.g., trimethylolpropane (TMP) and pentaerythritol (PE), were also obtained from Merck.
Physical Measurements
Infrared spectroscopy (IR) analyses were scanned at the range of 4000-400 cm -1 with pressed KBr pellets using an IR-8400/8900 Shimadzu spectrophotometer. Magnetic susceptibility measurements were performed using a magnetic susceptibility balance (Sherwood Scientific, UK). The elemental analysis (carbon, hydrogen, and nitrogen) and metals were recorded by using a Yanaco CHN-corder-MT-5. The physical structure of catalysts, compositional analysis, and surface morphology observations were measured by scanning electron microscopy (SEM) (JEOL, JSM-6360 LV) coupled with energy-dispersive X-ray spectroscopy (EDS) (JEOL, JED-2300). The thermal decomposition behavior of residual hydrocarbons on the spent catalysts was carried out using thermogravimetric and differential thermal analysis (TGA/DTA 60, Shimadzu) at a heating rate of 10 °C min -1 from room temperature to 800°C under nitrogen flow. Powder X-ray diffraction (XRD) analysis was performed using Rigaku RINT 2200 equipment with Cu-Kα radiation operated at 40 kV and 40 mA. Data were collected over a 2θ range of 10-90° and phases were identified by matching experimental patterns to entries in the Version 6.0 indexing HighScore Plus software.
Synthesis of Metal Complexes
The syntheses of complexes (Scheme 1) were followed by the following reaction pathways where Lphenylalanine reacted with 4,4'-bipyridine, and/or L-tyrosine at 70-80°C when metal salts were mixed with them and stirred for 2 h: 
Synthesis of [Ni(Phe)(Bpy)Cl].H2O (1)
Complex 1 was prepared with water:methanol (1:3) solution of L-phenylalanine (Phe) (1 mmol) and 4,4'-bipyridine (Bpy) [45] (1 mmol) which was previously deprotonated by alkali (NaOH, 0.05 mmol), to the nickel(II) chloride (1 mmol) solution, and continuously stirred at 60-70°C for 2 h. Then, the cooled solution was filtered and the filtrate was placed at room temperature for slow evaporation of the solvent for crystallization. The powdered compound was collected and suitable for X-ray diffraction. Elemental analysis for C19H21N3O3ClNi, Calc 
Synthesis of [Co(Phe)(Bpy)Cl].H2O (2)
This complex was synthesized by applying the same procedure for 1, repeating L-phenylalanine and 4,4'-bipyridine [45] as ligands, while substituting Ni(II) metal center with Co(II). The pink colored compound was obtained by slow evaporation of the concentrated solution and taken for powder X-ray diffraction. Elemental analysis for C19H21N3O3ClCo, Calc. C: 52 
Synthesis of [Fe(Phe)(Tyr)Cl].H2O (3)
The complex 3 was also prepared by employing the same procedure for complex 1, using Lphenylalanine and L-tyrosine (Tyr) as ligands [46, 47] , and iron(II) chloride as metal salts. The greenish powdered compound was obtained by the slow evaporation of solvent which was suitable for powder Xray diffraction studies. Elemental analysis for C18H24N2O6ClFe, Calc. C: 47 
Experimental for Catalytic Activity
Esterification
The catalytic activity experiments were accomplished via the esterification of levulinic acid (LA) with polyols (i.e., TMP and PE) under reflux condition at reaction temperature of 110-130°C in a silicone oil bath. The activities of catalysts were measured by varying different parameters involved (e.g., reaction time, % of catalyst loading, and polyols to LA molar ratios). Prior to reactions, the complex catalysts were dried at 50-60°C for 6 h to remove moisture (if any). Preliminary studies using sulfuric acid as a homogeneous catalyst were performed to estimate the range of reaction conditions. Blank experiments were conducted to validate the activity of the catalyst complexes. The applied reaction conditions were such that there was no external mass transfer; hence, the experiments were conducted under the same kinetic regime. After completion of each run, the products were collected and analyzed by Gas Chromatography-Mass Spectrometer (GC-MS, Shimadzu-QP 5000) equipped with RTX-5-MS column (30 m × 0.25 mm × 0.25 µm) in split mode. The fraction peaks obtained from mass spectra were identified using the National Institute of Standards and Testing (NIST) library matching. Furthermore, the catalytic activity of the catalysts towards esterification (total product yield and product selectivity) was determined by comparing the peak area % of the obtained spectra. It is known that the GC-MS analyses do not provide an exact quantitative analytical result of the compounds. However, it is possible to compare the product yield and selectivity by comparing the peak areas since the chromatographic peak area of compounds is proportional to its quantity and the relative content of the product (Eq. (1) and Eq.
(2)) [48, 49] . In order to confirm the reproducibility of the results, the experiments were performed three times, where the average of the peak area and peak area % was calculated. The levulinic acid conversion (Conv.) and turnover number (TON) was calculated by Eq. (3) 
Hydrogenation (Reduction)
The in situ catalytic hydrogenation (upgrading) of TMP and PE-levulinate esters were conducted via NaBH4 in a closed round-bottomed flask at room temperature with mechanical stirring. The NaBH4 reducing agent was added to the esterified products and refluxed about 2 h with magnetic stirring at 25°C. Before reaction, the flask was cleaned and properly dried at 60°C for 8 h, and N2 was flowed (three times) to eliminate any traces of oxygen in the system. At the end of each reaction, the round-bottomed flask was cooled, and the gases were liberated (if any). The reduced ester products were purified to remove catalyst by washing with 50 mL methanol (three times) at room temperature, and sent for Gas Chromatography Mass Spectrometry (GC-MS) and FT-IR analysis (liquid state).
Results and Discussion
The complexes [Ni(Phe)(Bpy)Cl].H2O, [Co(Phe)(Bpy)Cl].H2O, and [Fe(Phe)(Tyr)Cl].H2O were synthesized successfully the first time by reacting Ni(II), Co(II), and Fe(II) chlorides with aromatic bidentate ligands, i.e., L-phenylalanine, 4,4'-bipyridine, and L-tyrosine as mixed ligands in watermethanol solution at 70-80°C. The thermal stability, magnetic susceptibility, spectroscopic, and X-ray diffraction studies are described in the experimental part. All the analytical and spectroscopic features are based on the good judgement of six coordinated complexes [25, 45, 47, 50] in all the cases. The relevant IR spectroscopic and Gas Chromatography Mass Spectrometric (GC-MS) analysis for ester products are interpreted herein.
IR Spectra Analysis
Fourier transform infrared spectra (FTIR) of complexes 1, 2, and 3 were recorded between 4000-400 cm -1 as shown in Fig. 1 . There are characteristic stretching frequencies at 3475-3460 cm -1 , indicating the presence of O-H vibration of the coordinated water molecules to the complexes. The absorption bands appearing between 3334-3306 cm -1 indicated the stretching vibration for N-H bonds [51] . Absorption peaks in the range of 3115-3045 cm -1 are assigned to the C-H stretching vibration in the benzene/pyridine rings, lower wavenumber than free C-H bonds. The weak absorption peaks observed at 2916-2823 cm -1 are the characteristics of C-H stretching vibration for methylene (-CH2-) groups [46, 52] in the complexes. The peaks observed at 1575-1016 cm -1 are attributed to the stretching vibrations for benzene and pyridine rings [45] . The bands at 1645-1592 cm -1 and 1368-1349 cm -1 are the evidentiary absorptions for asymmetric and symmetric stretching vibration for ˃ C=O groups (carbonyl) from the amino acid ligands [52] , lower frequency than free carboxylate groups, which indicated M-O bonding. The bands at about 498-475 cm -1 and 595-531 cm -1 are also attributed to M-N and M-O stretching frequency [53] , respectively. The coordination mode of NBpy and NPhe to Ni(II) and Co(II), and OTyr and OPhe atoms to Fe(II) are the agreement with bands observed at 590-485 cm -1 [25, 50, 54, 55] .
Figure 1:
The FT-IR spectra of complexes 1, 2, and 3
Powder X-ray Diffraction Studies
The powder X-ray diffraction (XRD) analysis for [Ni(Phe)(Bpy)Cl].H2O, [Co(Phe)(Bpy)Cl].H2O, and [Fe(Phe)(Tyr)Cl].H2O has been reported at the wavelength of 1.540598 Å (Fig. 2) . The observed intensities vs. 2θ angles were collected from the transmission diffractogram of the finely powdered complexes. Moreover, the Miller indices h, k, and l values along with d-spacing were assigned to each 2θ angle. The results revealed that [Ni(Phe)(Bpy)Cl].H2O belonged to the monoclinic crystal system [45] , 
Thermogravimetric Analysis (TGA)
To interpret thermal stability of the complexes, the heating was suitably controlled at 10 °C min -1 under inert N2 atmosphere, and the weight loss was measured from the ambient temperature in between 60-800°C. The thermal fragmentation scheme for the complexes is shown below: The Thermoanalytical data demonstrated that fragmentation occurred within 2-3 steps for the complexes (Tab. 1). The TGA curves ( Fig. 3 ) revealed that the thermal decomposition takes place in the range of 60-130°C, 160-360°C, and 360-800°C. In the first step, endothermic fragmentation occurred at 60-130°C, where dehydration takes place. At the second step, endothermic decomposition between 160-360°C, eliminating coordinated water [58] , chlorine and lower masses ligand molecules. At the third step, exothermic decomposition occurred between 360-800°C, whereby the remaining ligand molecules eliminating might leave behind the metal oxide (M2O) as residue [25, 59] . The ligand-metal complexes possibly follow a complicated degradative type pathway [60] . They might release Bpy ligand first, followed by Phe than Tyr ligand, leaving behind NiO, CoO, and FeO and the sequence of ligands molecular masses are in the order of Bpy ˂ Phe ˂ Tyr [61] . Tab. 1 also described the details of weight loss upon decomposition. 
Scanning Electron Microscopy (SEM) Study
To study the surface morphology and physical structures of the catalysts, the scanning electron microscopy (SEM) analysis was performed. Fig. 4(a) and Fig. 4(b) revealed the presence of well-defined particles to the surface of transition metal complexes [62] , while Fig. 4(c) showed agglomeration and non-uniformly dispersal of particles. It is obvious from the SEM images that all the synthesized metal complexes were assumed to have grown up just from a single molecule to several molecules in an aggregated distribution beginning from a few nanometres. Besides, different characteristic shapes of metal complexes were identified; these SEM images were quite different from other complexes. The SEM investigations checked the surfaces of the metal complexes that exhibited a small to medium particle, which have a tendency to agglomerate formation with different shapes analogous with the starting materials [63] . In general, the SEM photograph displays a single phase formation with well-defined, grain-like shapes being particle sized in the range of 0.5 µm [64] . In this context, the present investigation represents a unique pattern of a metal-organic framework assembly exhibiting that of a nanostructure. Moreover, we have envisaged the SEM micrographs of sample 1, 2, and 3 with a wide range of shapes and particle sizes to enhance the catalytic esterification [65] , and hydrogenation. 
Catalytic Activity Study
Esterification
The catalytic activities of the complexes were measured via esterification reactions of levulinic acid (LA) with polyols, which are trimethylolpropane (TMP) and pentaerythritol (PE) (Tab. 2). Before examining the activity of complexes, preliminary studies using sulfuric acid as a liquid acid catalyst were conducted to estimate the range of reaction parameters (i.e., reaction time, catalyst loading, and polyols to LA molar ratios). Preliminary studies revealed that 51%-53% of LA + TMP esters, and 42%-43% of LA + PE esters were obtained with 2 wt.% catalyst loading of reaction time of 2 h. The molar ratio of LA to polyol was selected according to the stoichiometric ratio for the esterification reaction, where the molar ratio of LA:TMP was 3:1 and the molar ratio of LA:PE was 4:1. The reaction temperature was optimized at 115°C and 125°C for TMP and PE based on the ester yield and selectivity. A reaction time of 2 h and catalyst loading of 2 wt.% with respect to LA was optimized for all the complexes.
For all complexes, the esterification of LA with TMP gave higher yields compared to PE. The trimethylolpropane has three (-OH) groups, resulting to LA-mono, LA-di, and LA-tri esters. On the contrary, pentaerythritol having four alcoholic groups is less active, probably due to bulkiness of the molecule and a higher melting point (533 K), so no tetra-ester product [66] was detected in the course of study. To compare the catalytic performances of the complexes, similar reactions were conducted using H2SO4 as a catalyst [6] , and found that metal complexes were more potential than H2SO4 as the selectivity was higher for di-and tri-esters. The present study also implies that the metal-organic coordination complexes are highly active for the esterification of LA with TMP and PE, producing significant amounts of levulinate-di and levulinatetri esters. Furthermore, the catalytic reaction via esterification revealed that the most active homogenous catalyst is [Fe(Phe)(Tyr)Cl].H2O, which renders 70.25% LA + TMP with mono ester selectivity 60% and (di + tri) ester selectivity of 34% followed by 64.91% for LA + PE with mono ester selectivity 51% and (di + tri) ester selectivity of 37%. Iron(II) is more Lewis acidic, due to the presence of more unpaired electron (d 6 ) than Co(II) and Ni(II).
Hydrogenation of (LA + TMP and LA + PE) Esters
The LA + TMP and LA + PE esters were further investigated for the in situ hydrogenation [67] with NaBH4 in a round-bottomed flask (closed system) at room temperature for a two hour reflux. For hydrogenation, the molar ratio of LA:TMP:NaBH4 was 3:1:0.5 and LA:PE:NaBH4 was 4:1:0.5 [33, 34] . The activity and selectivity of chemo-catalytic hydrogenation of LA + TMP and LA + PE esters to corresponding reduced esters over these catalysts (Tab. 3) is summarized. According to the esterificationhydrogenation reaction stoichiometry, one mole TMP/PE reacts with three/four moles LA, producing corresponding ester and reduced ester, respectively.
Hydrogenation (upgrading) of the levulinate esters is able to enhance its property as a biolubricant. Reduction of the ketone group in the levulinate chain was carried out by employing NaBH4 in the presence of catalysts. Such reduction significantly reduces side reactions such as polymerization, which can happen with the elevated working temperature of lubricating systems.
The homogeneous catalysts were separated from the product by washing the product with cold methanol. The product was then heated at a low temperature of 65°C to evaporate the methanol, while the metal complexes were recovered via recrystallization. Results from the experiment notified that the significant amounts of LA + TMP and LA + PE esters were reduced after hydrogenation. The reduction of LA + TMP and LA+PE esters was also absolutely confirmed based on the analysis of IR spectra. GC-MS analysis revealed that a maximum 67 Levulinic acid (LA) reacts with polyols, i.e., trimethylolpropane (TMP) and pentaerythritol (PE), in the presence of acid catalyst to produce polyolesters. The reaction mechanism between levulinic acid and trimethylolpropane catalyzed by metal complexes for mono-esterification [68, 69] was proposed. In general, Lewis acidity is associated with systems without protons, and the resulting catalytic activity is often attributed to interaction with catalyst metal cation [69] . Iron has d 6 electron system compared to cobalt (d 7 ) and nickel (d 8 ), resulting to more Lewis acidity when ionized, and produced higher amounts of ester. As shown in Scheme 4, the reaction involves the formation of an adduct between a carbonyl group and metal ion is as follows: Fig. 5 demonstrates the FTIR spectrum (liquid state) for the ester product (E) and hydrogenated/reduced ester (RE) product, in comparison with pure levulinic acid. Pure levulinic acid (LA) showed four characteristic bands in the IR region, i.e., for C-H stretching at 2865 cm -1 (s), C=O stretching at 1710 cm -1 (s), C-O bending at 1165 cm -1 (s), and O-H stretching for carboxylic group at 3300-2800 cm -1 (b). After esterification with TMP, LA + TMP ester experienced a shift to a higher wavenumber for C-H vibration at 2880-2885 cm -1 (w), C-O bending at 1175-1178 cm -1 (w), and C=O stretching at 1723-1728 cm -1 (w) [70] for all complexes. The disappearance of O-H stretching frequency indicated that the -COOH groups from LA were converted into ester. After hydrogenation via NaBH4, the C=O stretching vibration appeared at 1733-1740 cm -1 , and shifted about 10-12 cm -1 to a higher wavenumber for three complexes (Figs. 5(A), 5(B), and 5(C)) which undoubtedly indicated that ester groups were reduced. Fig. 6 also represents the IR spectrum for the ester product and hydrogenated product, in comparison with levulinic acid (LA). The presence of ester groups and reduced esters are determined by the infrared spectrum (4000-400 cm -1 ). Pure levulinic acid showed four characteristic bands in the IR region, i.e., for C-H stretching at 2865 cm -1 (s), C=O stretching at 1710 cm -1 (s), C-O bending at 1165 cm -1 (s), and O-H stretching for carboxylic group at 3300-2800 cm -1 (b). The ester product, LA + PE ester, exhibited characteristic bands to a higher wavenumber for C-H stretching vibration at 2885-2888 cm -1 (w), C=O stretching at 1725-1728 cm -1 (w), and C-O bending at 1178-1182 cm -1 (w), which implied the formation of PE ester [71] . After hydrogenation, the C=O group experienced a little shift about 9-10 cm -1 to a higher wavenumber at 1734-1738 cm -1 , while O-H stretching vibration disappeared (Figs. 6(A), 6(B), and 6(C)) for all complexes, which clearly indicated that ester groups were successfully reduced in their presence. 
IR Spectra Analysis for LA + TMP Reduced Ester
IR Spectra Analysis for LA + PE Reduced Ester
Conclusion
We have synthesized two new polyol esters (i.e., LA + TMP and LA + PE ester) successfully using bio-oil model compound (levulinic acid) with the aid of metal complexes as catalyst. In the present study, biomass-derived bio-oil was considered as acid feedstock where levulinic acid was found as a major component. The polyol based-ester synthesized from non-food feedstocks via esterification, and upgrading through hydrogenation process has potential applications as lubricant base oil with the aid of blending and formulation method. The catalytic activities of the synthesized complexes were evaluated via esterification of levulinic acid with trimethylolpropane (TMP) and pentaerythritol (PE). Notably, the results indicated that the most active homogenous catalyst is [Fe(Phe)(Tyr)Cl].H2O, which yields 70.25% LA+TMP and 64.91% LA + PE ester, respectively. Moreover, the catalysts were further examined for the in situ hydrogenation of levulinate esters, and GC-MS analysis revealed 67.85% reduced ester was isolated in the case of LA + TMP ester and 62.45% for LA+PE ester. The results among Ni(II), Co(II), Fe(II) complexes, Fe(II) was more active based on LA conversion and TON. Herein, it can be concluded that, six coordinated high spin (d 6 ) iron(II) complexes have higher catalytic activity in terms of all experimental results.
